Circadian rhythms have been demonstrated in organisms across the taxonomic spectrum. In view of their widespread occurrence, the adaptive significance of these rhythms is of interest. We have previously shown that constitutive expression of the CCA1 (CIRCADIAN CLOCK ASSOCIATED 1) gene in Arabidopsis plants (CCA1-ox) results in loss of circadian rhythmicity. Here, we demonstrate that these CCA1-ox plants retain the ability to respond to diurnal changes in light. Thus, transcript levels of several circadian-regulated genes, as well as CCA1 itself and the closely related LHY, oscillate robustly if CCA1-ox plants are grown under diurnal conditions. However, in contrast with wild-type plants in which transcript levels change in anticipation of the dark/light transitions, the CCA1-ox plants have lost the ability to anticipate this daily change in their environment. We have used CCA1-ox lines to examine the effects of loss of circadian regulation on the fitness of an organism. CCA1-ox plants flowered later, especially under long-day conditions, and were less viable under very short-day conditions than their wild-type counterparts. In addition, we demonstrate that two other circadian rhythm mutants, LHY-ox and elf3, have low-viability phenotypes. Our findings demonstrate the adaptive advantage of circadian rhythms in Arabidopsis.
First described in plants more than 270 years ago, circadian rhythms have been found in the vast majority of eukaryotes examined and in many prokaryotes. The basic mechanisms that are responsible for circadian rhythms are being elucidated in several model species. At the core of a circadian system is a molecular oscillator that generates a period of rhythmicity of about 24 h. The oscillator is self-sustaining, but it is influenced by environmental cues such as changes in light and temperature conditions (Dunlap, 1999) . The oscillator controls a plethora of biological processes including nitrogen fixation in cyanobacteria (Johnson et al., 1996) , scent emission in plants (Kolosova et al., 2001) , conidiation in Neurospora crassa. (Pittendrigh et al., 1959) , olfactory responses of Drosophila melanogaster (Krishnan et al., 1999) , luteinizing hormone levels in birds (Follett et al., 1974) , and wheel running activity in hamsters (Mesocricetus auratus; Ralph and Menaker, 1988) . The fact that circadian regulation is ubiquitous across the taxonomic spectrum and that its importance was even recognized in the Hebrew Bible (Ancoli-Israel, 2001 ) suggests that it is important for optimizing an organism's response to its environment and enhancing its fitness.
The circadian clock plays a number of different roles. One is in the regulation of photoperiodism, which is the detection and response to changes in the duration of days and nights that enables organisms to adapt to seasonal changes in their environment (Thomas, 1998) . Photoperiodism controls reproduction in many organisms, including flowering time in many plants (Thomas and Vince-Prue, 1997) . This photoperiodic response ensures that plants flower during the appropriate season. For example, plants growing in lower latitudes tend to flower in response to short days, thus avoiding the extreme summer heat. In contrast, plants in more temperate climates, which must flower and set seeds before the onset of winter, initiate flowering in response to long days. Arabidopsis is a facultative long-day plant, in which flowering is initiated earlier in response to long days, but Arabidopsis will eventually flower, albeit much later, even under short days (Thomas and VincePrue, 1997 ). An additional advantage of photoperiodic control is that, by ensuring coincident flowering of a population of plants, the chances of outcrossing are increased.
Another function that has been suggested for the clock is to allow organisms to program activities so that they occur at a specific part of the diurnal cycle. This programming may serve to ensure that incompatible reactions, such as nitrogen fixation and photosynthesis in cyanobacteria (Mitsui et al., 1986) , are temporally spaced. Circadian clocks may also allow the organism to anticipate night/day changes. For example, some molecular processes important for photosynthesis are initiated before dawn so that by sunrise the plants are ready to take maximum advantage of available light for photosynthesis (Kreps and Kay, 1997) . In addition, organisms may produce screening pigments before the sun rises to avoid damage by visible and UV light (Pittendrigh, 1993; Nikaido and Johnson, 2000) .
Several approaches have been used to try to determine whether circadian clocks affect the fitness of organisms. One approach has been to examine whether organisms are adversely affected when they are grown in a light/dark cycle with a period that does not match that of their endogenous circadian clock. The growth of some organisms, for example tomato (Lycopersicon esculentum) plants and blowflies (Sarcophaga argyostoma), was found to be extremely sensitive to the period of the light/dark cycle. Both organisms grow poorly in cycles that deviated significantly from their endogenous 24-h rhythms (Highkin and Hanson, 1954; Went, 1960; Saunders, 1972) . Furthermore, period length mutants of hamsters (Hurd and Ralph, 1998) and D. melanogaster (Klarsfeld and Rouyer, 1998 ) that have non-24-h endogenous rhythms show small (less than 20%) reductions in life span when they are kept in 24-h cycles. However, the mechanisms underpinning these deficiencies are unknown. More recently, the effect of light/dark cycle periods on reproductive success in the cyanobacterium Synechococcus elongatus was studied (Ouyang et al., 1998) . Pairs of strains of S. elongatus with different period lengths were mixed and grown in culture under light cycles of different periods. It was found that the strain of S. elongatus that had an endogenous period most closely matching that of the light cycle in which they were grown rapidly out-competed the other strain and became the dominant strain in the culture. This study showed convincingly that an organism might benefit from having an endogenous oscillator that matches the environmental cycle, although the physiological mechanisms for this enhanced fitness are unknown. In contrast, similar studies on mixed populations of wild-type and period mutant D. melanogaster showed no selective advantage to the population growing under a light/dark cycle that matched their endogenous oscillator (Klarsfeld and Rouyer, 1998) .
In one instance, mathematical modeling was used to try to demonstrate the significance of circadian rhythms. However, modeling of two circadiancontrolled processes, photosynthesis and stomatal conductance, in the wetland perennial plant, Suarurus cernuss, failed to demonstrate significant effects of circadian rhythms on carbon gain or water loss under field conditions (Williams and Gorton, 1998 ).
An alternative approach for examining the adaptive significance of circadian regulation is to compare the viability of organisms lacking functional clocks with their wild-type counterparts. In two reports, in which ground squirrels (Ammospermophilus leucurus) and chipmunks (Tamias striatus) with ablated circadian systems were studied under field conditions, it was shown that loss of a functional circadian system can reduce viability of an organism by increasing susceptibility to predators (DeCoursey et al., 1997 (DeCoursey et al., , 2000 . However, although clock-less organisms are available from a range of species, there is no published evidence that organisms lacking functional circadian systems are affected in viability under laboratory conditions.
We have a system for examining whether the circadian clock contributes to the fitness of Arabidopsis under laboratory conditions. Two genes, CCA1 and LHY, encoding closely related proteins associated with the central oscillator in Arabidopsis, have been isolated Schaffer et al., 1998; Green and Tobin, 1999) . Both CCA1 and LHY have been constitutively expressed in transgenic plants (CCA1-ox and LHY-ox) at levels close to their maximum in wild-type plants. Under continuous light (LL) or dark (DD), the CCA1-ox and LHY-ox plants are arrhythmic in all aspects of circadian control that have been examined, including leaf movements, hypocotyl elongation, and gene expression (Schaffer et al., 1998; ; E.M. Tobin, Z.-Y. Wang, and A.J. Millar, unpublished data). CCA1 is also involved in a signal transduction pathway from the plant photoreceptor phytochrome Green and Tobin, 1999; Martínez-García et al., 2000) . Here, we demonstrate that although CCA1-ox plants have lost circadian rhythmicity, they retain the ability to respond to diurnal changes in light. However, they have no ability to anticipate the light/dark transitions. We show that these CCA1-ox and LHY-ox plants that lack functional circadian systems are less fit than their wild-type counterparts under laboratory conditions. Our findings support the hypothesis that the circadian clock contributes to the fitness of Arabidopsis plants.
RESULTS

Clock-Controlled Genes Can Still Be Regulated by Light in CCA1-ox Plants Grown under Diurnal Light/ Dark Conditions
We have previously shown that CCA1 is involved in both light and circadian regulation of gene expression Green and Tobin, 1999) . In CCA1-ox plants that are grown in LL or DD, the circadian regulation of gene expression is completely disrupted . This disruption is shown for two genes in Figure 1 . Figure 2 compares the expression of several clockcontrolled genes in wild-type and CCA1-ox plants grown under two different photoperiods. Transcript levels of three genes, Lhcb1*1 (also known as CAB2; 24), CCR2 (also known as AtGRP7; Carpenter et al., 1994; Heintzen et al., 1997) , and CAT2 (Zhong and McClung, 1996) , show robust oscillations in both the wild-type and CCA1-ox plants. However, the CCA1-ox plants have lost their ability to modulate the expression of these genes in anticipation of light/ dark changes. Thus, in wild-type plants, the levels of RNA from the two morning-specific genes, CAT2 and Lhcb1*1, start to rise well before the lights come on (Fig. 2, A , B, D, and E). In contrast, in the CCA1-ox plants the transcript levels from these two genes start to increase only after the lights come on. The effect of constitutive CCA1 expression on transcript accumulation from the evening-specific gene, CCR2, is even more pronounced. Figure 2 , C and F, show that in the CCA1-ox plants, CCR2 RNA starts to accumulate only after the lights go off and the transcript levels remain high until the lights come on again. As a result, in 16L:8D the oscillations of CCR2 RNA accumulation in the CCA1-ox plants are in the opposite phase from those in wild-type plants (Fig. 2C) . Transcript levels of two other genes, GI (Fowler et al., 1999; Park et al., 1999) and CAT3 (Zhong and McClung, 1996) , also showed strong oscillations in CCA1-ox plants, but no anticipation of light/dark changes in 16L:8D and 8L:16D (data not shown).
Transcript Levels of LHY and Endogenous CCA1 Oscillate in CCA1-ox Plants Grown under Light/Dark Conditions
When CCA1-ox or LHY-ox plants are grown in LL, the expression of both LHY and the endogenous CCA1 gene is suppressed, possibly via an autoregulatory negative feedback loop (Schaffer et al., 1998; . To see whether this feedback loop was affected by light/dark changes, we examined the expression of the LHY and the endogenous CCA1 genes in CCA1-ox plants growing in two different photoperiods. Figure 3 shows that under these light/dark conditions, both LHY and endogenous CCA1 genes respond to light in the CCA1-ox plants. Thus, the pathways mediating light regulation of CCA1 and LHY expression appear to be functioning in the CCA1-ox plants. However, in the CCA1-ox plants the transcripts from both genes start to increase only after lights come on, whereas in wildtype plants the increases precede lights on. Taken together, our results demonstrate that the CCA1-ox line of plants, which has lost circadian control of gene expression, retains responsiveness to light.
The Constitutive Expression of CCA1 Affects Photoperiodic Flowering
To assess the effect of constitutive expression of CCA1 on sensitivity to photoperiod, we compared the flowering time of wild-type and CCA1-ox plants grown under two different photoperiods, 16L:8D (long days) and 8L:16D (short days). The light intensity was set so that plants received equivalent fluence per 24-h period under each photoperiod. To avoid the influence of different growth rates on the flowering time measurement, we measured the total numbers of rosette leaves of the plants at bolting. Leaf number reflects the developmental stage, and there is a good correlation between leaf number and flowering time in Arabidopsis (Koorneef et al., 1991; Karlsson et al., 1993) . Figure 4 compares the flowering time of two CCA1-ox lines, which express similarly high levels of CCA1, with wild-type plants. As expected, the wild-type plants flower much earlier under long days than under short days. By contrast, the CCA1-ox lines show little difference in flowering time between long and short days demonstrating that the CCA1-ox plants are much less sensitive to photoperiod than wild-type plants.
CCA1-ox Plants Are Less Viable Than Wild-Type Plants in Very Short Days
Our observations that the CCA1-ox plants are unable to anticipate diurnal changes led us to ask whether a functional circadian system might confer an advantage to plants under conditions of limited light duration by allowing anticipation of day/night changes. Therefore, we examined the expression of clock-controlled genes under very short-day conditions of 4 h of light:20 h of dark (4L:20D). Figure 5 shows that, consistent with our previous results, transcript accumulation in CCA1-ox plants did not anticipate light/dark transitions. Furthermore, in wild-type plants under 4L:20D, a bimodal peak of RNA accumulation can be seen for both LHY and endogenous CCA1 (Fig. 5, A and B) . Such bimodal peaks have been reported for Lhcb1*1 expression in wild type in a range of photoperiods and interpreted to represent expression driven directly by the circadian system and by a transient induction in expression from the acute response to the lights coming on (Millar and Kay, 1996) . In the CCA1-ox plants, the part of the bimodal peak that occurs in wild type before the lights come on is missing, suggesting that this is the part of the peak resulting from circadian regulation. The peaks that occur immediately after the lights come on are still present in the CCA1-ox plants, indicating that they are the result of light induction.
We then compared the viability of wild-type and two lines of CCA1-ox plants grown under three different photoperiods (16L:8D, 8L:16D, and 4L:20D). The light intensities for each treatment were adjusted so that the total fluence received by the plants under each condition was identical. Seeds were sown on soil, and the number of plants that survived after germination was counted each week. Figure 6A shows that under 16L:8D and 8L:16D, there is little difference in the survival of CCA1-ox and wild-type plants. Furthermore, under these conditions, as well as in LL, the CCA1-ox plants grow as vigorously as wild-type plants (Fig. 6, B and C) . The survival rate for wild-type plants in 4L:20D is similar to that of all three lines under 16L:8D and 8L:16D, and although the wild-type plants grow more slowly under these very short-day conditions, they appear to be otherwise normal and eventually flowered. In contrast, after 2 weeks in 4L:20D, the seedlings of both CCA1-ox lines began to die off with less than 5% surviving for 4 weeks.
To see whether the lack of fitness we observed in the CCA1-ox plants under very short days could be attributed to pleiotropic effects of constitutively expressing CCA1, we examined the viability of another line that has a defective circadian system. LHY-ox plants (also called Tn120, Schaffer al., 1998) constitutively expresses LHY and are arrhythmic under constant conditions (Schaffer et al., 1998) . Figure 6 shows that, under 16L:8D conditions, there is little difference between the survival of LHY-ox plants and the corresponding wild-type control, Arabidopsis ecotype Landsberg erecta. However, in 4L:20D growth conditions, LHY-ox plants fail to survive longer than 4 weeks.
We also examined the viability of elf3-1 plants ( Hicks et al., 1996; McWatters et al., 2000) , which are arrhythmic in constant light, but not in constant dark. elf3-1 plants show markedly poorer survival than wild type (Columbia) under both 16L:8D and 4L:20D growth conditions (Fig. 7) . Together, our results with the three mutant lines demonstrate that plants lacking functional circadian systems are less fit that their wild-type counterparts. However, the difference between the elf3-1 and the LHY-ox and CCA1-ox lines suggests that elf3-1 might be sensitive to additional stress conditions.
DISCUSSION
The growth, development, and metabolic processes of plants need to be well coordinated with environmental day/night cycles. This coordination is regulated both by light and by the circadian system. In this study, we have demonstrated that, although CCA1-ox plants no longer show circadian control of gene expression (Wang and Tobin, 1998), they retain light responsiveness. CCA1 has been shown to be involved in both light and circadian pathways Green and Tobin, 1999) , and our present results demonstrate that the effect of constitutively expressing CCA1 differs for each pathway. It is possible that CCA1 is regulated at different levels in the light and circadian pathways. We have shown previously that CCA1 can be phosphorylated by the protein kinase CK2 (Sugano et al., 1998) , and it is possible that the distinct phosphorylation states of CCA1 may also affect its regulatory role in light and circadian control of gene expression.
Because circadian regulation is disrupted in the CCA1-ox lines, they are a useful system with which to examine the adaptive importance of a functional circadian system for plants. One aspect of plant growth and development under circadian control is the photoperiodic regulation of flowering. Consistent with this function, all the circadian mutants that have been identified thus far in Arabidopsis show an alteration in flowering time (Mizoguchi and Coupland, 2000) . For example, plants constitutively expressing LHY are day length insensitive with respect to flowering time (Schaffer et al., 1998) . We show here that flowering time in CCA1-ox plants is much less sensitive to photoperiod than in wild-type Arabidopsis. Photoperiodic control of flowering probably optimizes pollination and seed set (Samach and Coupland, 2000) . However, it is difficult to prove, under laboratory conditions, that loss of photoperiodic control of flowering affects the reproductive success of Arabidopsis.
In another approach to demonstrate the importance of a functional circadian system for plants, we grew the plants in different day lengths and showed that the CCA1-ox plants are less viable than wild- type Arabidopsis under conditions of limited light duration. This low-viability phenotype is only observed in CCA1-ox plants grown in very short days. It is possible that the CCA1-ox plants are less viable than wild type for reasons, such as pleiotropic effects of expressing the CCA1 gene from a constitutive promoter, that are not related to the plant's circadian defects. However, we have shown previously that in the CCA1-ox plants, CCA1 protein is constitutively present at levels that are no higher than the peak levels seen in wild-type plants . In addition, all the other phenotypes that we have observed in the CCA1-ox lines, for example long hypocotyls, late flowering time, and loss of circadian regulation of leaf movement (E.M. Tobin, Z.-Y. Wang and A.J. Millar, unpublished data) and gene expression , can be attributed to the disruption of circadian regulation. Furthermore, in longer day lengths (16L:8D, 8L:16D, and LL), CCA1-ox plants grow robustly, are fully fertile, and produce more seeds than do wild-type plants (data not shown). We have also demonstrated that LHY-ox plants show a lack of viability under very short-day conditions. Therefore, a loss of fitness is the simplest explanation for the phenotypes seen in very short days in plants that have defects in their circadian systems.
The very short-day (4L:20D) conditions that we are used are an extreme of the natural day length for Arabidopsis growing in its native habitats. However, Arabidopsis is a mainly winter annual (i.e. it germinates in the fall, overwinters, and then flowers and produces seed in the spring) that occurs naturally in a range of locations including many high-latitude areas. In these high-latitude areas, the amount of solar radiation that the plans receive may be severely limited (Li et al., 1998) . In addition, growth conditions in the laboratory environment are optimized to ensure minimum stress for the plants, and the effect of short day length that we observed under these conditions might be seen in slightly longer day lengths when plants grow under natural conditions.
It is unclear what mechanisms are involved in the reduction of viability that we see in the circadian mutants under very short-day conditions. Interestingly, survival rates of LHY-ox, CCA1-ox, and wildtype seedlings are similar for the first 2 weeks of growth under 4L:20D, suggesting that as long as the seed reserves are able to support growth of the seedling, the LHY-ox and CCA1-ox plants are not less viable than wild type. However, after 2 weeks, the LHY-ox and CCA1-ox plants are significantly less fit than wild type in very short days. This might be caused by reduced photosynthetic capacity in the mutant plants. Microarray analysis of gene expression in Arabidopsis has revealed that a large cluster of genes encoding proteins implicated in photosynthesis showed robust oscillations with mRNA levels starting to rise well before dawn and peaking at midday (Harmer et al., 2000) . This has been proposed to ensure that the plant can coordinately assemble its photosynthetic machinery and is ready to take maximum advantage of all the available sunlight (Pittendrigh, 1993; Harmer et al., 2000) . Thus, the plants that are unable to anticipate dawn because they lack a functioning circadian regulatory system would be predicted to be at an adaptive disadvantage, especially if the duration of available light for photosynthesis is limited.
However, of the four genes we examined in wildtype plants under 4L:20D, the expression pattern of the photosynthetic gene, Lhcb1*1, shows least anticipation of dawn. In addition, elf3-1 plants that are able to anticipate dawn (Hicks et al., 1996) grow more poorly than wild type under both long-and shortday conditions, suggesting that they are sensitive to stresses other than light duration. Thus, we certainly cannot rule out the possibility that the LHY-ox and CCA1-ox plants are also reacting to other stresses when they are grown under 4L:20D. Consistent with this possibility, the clock has been shown to regulate several genes involved in stress responses in Arabidopsis (Harmer et al., 2000) . It would be of interest to investigate whether CCA1-ox and LHY-ox plants are compromised in their ability to grow under other stress conditions. In summary, we have shown that although plants that constitutively express the CCA1 gene show no circadian rhythmicity, they are able to respond to diurnal changes in light conditions. Furthermore, we have demonstrated that a functioning circadian system is important for plant viability.
MATERIALS AND METHODS
Plant Materials and Growth
The Arabidopsis plants used were: CCA1-ox (Wang and Tobin, 1998) and elf3-1 (Hicks et al., 1996) , both in the Columbia ecotype, and LHY-ox (Tn 120, Schaffer et al., 1998) ) and 20 h of dark (4L:20D). Lighting was provided by a combination of fluorescent and incandescent light bulbs.
Flowering Time Measurements
Arabidopsis plants were grown on soil in 105-ϫ 155-mm pots. The time of bolting was determined as the day when the plant had a bolt of 10 mm, and the number of rosette leaves was counted.
